An efficient method for oligonucleotide-directed mutagenesis was developed to construct a set of sitespecific mutations by using a mixture of oligodeoxyribonucleotides. With this method, as high as 40% of the tested clones turned out to be desired mutants. Seven single-point mutants were isolated in the "TATA" box region of the fibroin gene. In vitro transcription experiments showed that single-base transversions at the TATA box (A -> T at position -29, T --A or G at -28, A --T at -27, and A --T at -26) resulted in decreased promoter activities, whereas A -+ G transitions at positions -24 and -23 had no effect. The initiation site of transcription was normal in three down-promoter mutants at positions -28 and -26, but the A -* T transversions at positions -29 and -27 induced an additional transcription start from position +4. Using 10 single-point mutants obtained as above or by nitrous acid-induced mutagenesis, we have prepared a pair of heteroduplex DNAs consisting of a mutant strand and the wild-type one. The molecules heterozygous at positions -30, -21, and -20 showed reduced transcription activities when the noncoding strand bears the mutation, whereas that at position -26 gave a low activity when the coding strand carries the mutation. Both types of heteroduplex at positions -29, -28, -27, and -17 exhibited decreased activities. These results suggest a transcription machinery contact to a major groove of the DNA helix at the TATA box and region of position -20.
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Transcriptional analysis of eukaryotic protein-coding genes has revealed a set of promoter elements (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) . Core promoter consists of the "TATA" box and its flanking sequence, which is required for fixing the start site as well as efficient transcription. Another element, located at a variable position upstream from the TATA box, appears to modulate the utilization of the core promoter. We believe it is important to fully characterize these elements in order to explore underlying mechanisms of gene expression in eukaryotes. In an attempt to pursue such an approach, we have isolated single-base transition mutants by nitrous acid-induced mutagenesis within the fibroin gene core promoter and have shown that not only the TATA box but also the sequence around position -20 are important for faithful and efficient transcription in vitro (9) . However, whether the sequence between the TATA box and the -20 region is essential or not was left unknown because no mutant was available in this area.
In study reported here, we used a modified method of oligonucleotide-directed mutagenesis to produce a series of defined point mutants at or near the TATA box of the fibroin gene. Using these mutants, we demonstrated (i) the presence of a silent space between the TATA box and the -20 region substitutable by other bases and (it) the role of the second and the fourth bases of the TATA box in pinpointing the start site. As a next step, we asked which strand of the DNA helix is responsible for the promoter function. For this purpose, we constructed heteroduplex templates in which one strand is derived from a single-point mutant and the other from wild type and assayed their promoter activities. The results suggest the way of contact between transcription machinery and the fibroin gene promoter along the DNA helix. The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact. 
MATERIALS AND METHODS
No. at 250C. After phenol treatment, the DNA was recovered by ethanol precipitation and used to transfect E. coli JM101 cells. Subsequent ampicillin screening and identification of mutants by nucleotide sequence analysis were performed as described (9) .
Preparation Other Methods. In vitro transcription (9) and Si nuclease mapping (4) have been described. Preparation of viral DNA and replicative form I DNA and transfection into E. coli cells were performed as described (13) . Fibroin gene subclones flFb5, flFb5S, flFbll, and flFbllS have been described (9) . RESULTS Mutagenesis with Oligonucleotides En Masse. Fig. 1 illustrates the basic steps in the modified method of oligonucleotide-directed mutagenesis. Instead of a single oligonucleotide used in conventional methods (13, 14) , in vitro DNA synthesis was primed by a mixture of oligonucleotides carrying a single-base substitution in the consecutive positions of the wild-type sequence (mixture I or II in Table 1 ). The extended primers were cut with Pst I, denatured from templates, and purified by gel electrophoresis (96 and 94 bases for mixtures I and II, respectively). They were annealed to the gapped heteroduplex DNA which consists of circular flFb5S (bla-) viral strand and linear flFb5 (blaa) complementary strand with a gap in a part of the fibroin region (positions -238 to +188) (9) . After repair synthesis in vitro, these molecules were transfected into E. coli, and bla transducing phages were selected. As shown in Table 1 , this version yields a set of defined single-point mutants in a single experiment with a high efficiency. However, a strong posi- was low if the middle or 3' portion of the oligonucleotide bears a mismatch (e.g., M4, M5, M6, and M8). We could not get any mutant corresponding to the sequence of M6.
Promoter Activities and Transcription Start Site of the Single-Point Mutants. Relative promoter strength of seven single-point mutants thus obtained was estimated on Xho Itruncated templates in cell-free transcription systems. In both HeLa cell and silk gland extracts, transcription activities of all five transversion mutants within the TATA box were in a range of 30-60% of the wild-type level, whereas those of two transition mutants at positions -24 and -23 were the same as that of wild type (Fig. 2) . These results show that not only single-base transitions (9) but also transversions in the TATA box affect the promoter activity and that the sequence between the TATA box and the -20 region is not essential.
Transcription initiation site of five down-promoter mutants was determined by S1 nuclease mapping by using the coding strand of Taq-'(-41)-Sau3A+'(+48) fragment la- Xho I-truncated templates in HeLa cell extract was mapped by S1 nuclease as described (4) . W, wild-type f1Fb5. The sizes of the bands were translated into the corresponding nucleotide positions as described (4) . beled at position +48 as a probe (Fig. 3) . Three transversion mutants at positions -28 and -26 gave the same protection bands as did the wild type, demonstrating that the start site is normal in these mutants. The A --T transversion mutants at positions -29 and -27 showed split transcription starts at positions + 1 and +4. Thus, the second and the fourth bases of the TATA box appear to be important in pinpointing the start site. Promoter Activities of Heteroduplex Templates. Although transcriptional analysis of point mutants is a powerful way to identify the essential bases for promoter function, it does not answer the question of whether a base-pair substitution in both strands or a base change in a particular strand affects transcription. To approach this problem, we developed a heteroduplex assay. Fig. 4 shows the steps to construct homoand heteroduplex templates used for the assay. Viral DNA of flFb5 carrying the noncoding strand and flFbll carrying the coding strand were hybridized and cleaved with EcoRI and XhoI. A fibroin DNA fragment EcoRI (-238)-Xho I (+514) was isolated by gel electrophoresis to use as a wildtype homoduplex. When one of the viral DNAs was replaced by a mutant derivative, a heteroduplex template was recovered (Fig. 4 Bottom) .
Heteroduplex molecules were prepared with the above mutants as well as the ones obtained by nitrous acid-induced mutagenesis (9) , and the relative promoter strength of these templates was estimated (Table 2) . Two silent mutants at positions -24 and -18 showed almost normal activities on either type of heteroduplex. This provides a control so that a base-pair mismatch in the heteroduplex itself will not necessarily cause a severe interference on the promoter function. Heteroduplex molecules harboring a down-promoter mutation fell into three groups. The first one (heterozygous at position -30, -21, or -20) showed lower activity when the mutation resides in the noncoding strand. The second one (at position -26) gave lower activity when the coding strand carries the mutation. The activity of the third group (at position -29, -28, -27, or -17) was low on either type of heteroduplex. These results suggest that major contact points of the transcription machinery exist at positions -30, -21, and -20 on the noncoding strand, at position -26 on the coding strand, and at positions -29, -28, -27, and -17 on both strands. DISCUSSION Oligonucleotide-directed mutagenesis (14, 15) However, we have to set a mismatch in the 5' portion of an oligonucleotide because of the strong position effect on the efficiency of mutagenesis (Table 1) .
We previously have shown that single-base transitions in the TATA box at positions -30, -29, and -28 and in the -20 region at positions -21, -20, and -17 reduce the fibroin gene transcription in vitro (9) . The present study demonstrates that single-base transversions in the TATA box at positions -29, -28, -27, and -26 affect transcription activity but single-base transitions at positions -24 and -23 have no effect. From these results, we conclude that the first through fifth bases of the TATA box and bases at positions -21, -20, and -17 in the -20 region are essential for maintaining the highest template activity in vitro of the fibroin gene, and nonessential sequences exist between these two regions. Single-base transitions at positions -30, -29, and -28 also exhibit decreased transcription upon transfection into COS monkey cells with a SV40 vector (16) . Other groups have shown that the third base of the conalbumin TATA box and the fourth through sixth bases of the rabbit globin CATA box are essential (10, 17) . On the qualitative aspect of promoter function, our study shows that an A --G transition at position -29 and an A --T transversions at positions -29 and -27 induce an abnormal transcription start from position +4 ( Fig. 3; ref. 9 ). These data suggest the importance of the second and fourth bases of the TATA box in fixing the start site.
The results of heteroduplex assay suggest a transcription machinery contact to the fibroin gene promoter at positions -30, -21, and -20 on the noncoding strand, at position -26 on the coding strand, and at positions -29, -28, -27, and -17 on both strands. The proposed contact can be realized more clearly on three-dimensional representation (Fig. 5) . One-sided contact is immediately apparent because all of the contact points occupy the front face of the helix in Fig. 5 .
Interactions to the major groove of the helix at the TATA box and the -20 region are interrupted by sugar phosphate backbones between these two regions. Our study reveals a three-dimensional feature of core promoter but does not provide information on proteins interacting with it. Initiation factor(s) proposed by Davison et al. (18) and RNA polymerase II could form an initiation complex on the core promoter to start transcription from the cap site. Once these proteins are purified, more detailed analyses will be possible by using chemical modification methods (19) . However, before purified proteins become available, the heteroduplex assay developed in this study seems to be a general and convenient method to deduce the essence of protein-DNA interactions.
